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Abstract

Alumina-reinforced zirconia composites, used as electrolyte materials for solid oxide fuel cells,
were fabricated by hot pressing 10 mol% yttria-stabilized zirconia (10-YSZ) reinforced with two
different forms of alumina—particulates and platel ets—each containing 0 to 30 mol% alumina. Major
mechanical and physical properties of both particulate and platelet composites including flexure
strength, fracture toughness, dow crack growth, elastic modulus, density, Vickers microhardness,
thermal conductivity, and microstructures were determined as a function of alumina content either at
25 °C or at both 25 and 1000 °C. Flexure strength and fracture toughness at 1000 °C were maximized
with 30 mol% particulate and 30 mol% platelet composites, respectively, while resistance to slow crack
growth at 1000 °C in air was greater for 30 mol% platelet composite than for 30 mol% particulate
composites.

1. Introduction

Solid oxide fuel cells (SOFC) are currently being developed for various applications in the
automobile, power generation, aeronautic, and other industries. More recently, NASA has explored the
possibility of using SOFCs for aeropropulsion under its Zero Carbon Dioxide Emission Technology
(ZCET) Proect in the Aerospace Propulson and Power Program. The SOFC has high-energy
conservation efficiency since it converts chemical energy directly into electrical energy. The SOFC isan
al solid-state energy conversion device that produces electricity by electrochemical combination of a
fuel cell with an oxidant at elevated temperature. The major components of an SOFC are the electrolyte,
the anode, the cathode, and the interconnect. The two porous eectrodes, anode and cathode, are
separated by a fully dense solid electrolyte. Currently, yttria-stabilized zirconia (YSZ) is the most
commonly used electrolyte in SOFC because of its high oxygen ion conductivity, stability in both
oxidizing and reducing environments, availability, and low cost [1].

In solid oxide fuel cells, YSZ is used in the form of polycrystalline thin films or layers. YSZ must
be fabricated in the form of fully dense layers for use as a solid electrolyte in SOFC. Similar to other
ceramics, Y SZ is brittle and susceptible to fracture due to the existence of flaws, which are introduced
during fabrication and use of the SOFC. In addition, the properties of YSZ such as low thermal
conductivity and relatively high thermal-expansion coefficient make this material thermal-shock
sensitive. Fracture in the solid oxide electrolyte will alow the fuel and oxidant to come in contact with
each other resulting in reduced cell efficiency or in some cases malfunction of the SOFC. Therefore,
from a structural reliability/life point of view, YSZ solid electrolyte requires high fracture toughness,
high strength, and enhanced resistance to slow crack growth at operating temperature (around 1000 °C).

To improve the strength and fracture toughness of YSZ, 10 mol% yttria-stabilized zirconia
(10-Y Sz) was reinforced with two different forms of alumina particulatesand platelets, each containing
0, 5, 10, 20, and 30 mol% aumina through mixing, milling, and hot pressing to full density. This

" NASA Senior Resident Research Sci entist, Ohio Aerospace Institute, Cleveland, Ohio.
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chapter presents flexure strength and fracture toughness of both particulate and platelet composites,
determined at both 25 and 1000 °C in air as a function of alumina content, together with elastic
modulus, density, microhardness, thermal conductivity, and other properties. Slow crack growth
required for component design and life prediction is also presented, evaluated in flexure at 1000 °C in
air using dynamic fatigue testing for selected materials including 0 mol% (10-Y SZ matrix), 30 mol%
particul ate and platelet composites.

2. Composites Processing

The darting materials used were 10 mol%

yttria fully stabilized zirconia powder (HSY-10, (105’32 T!I'Siina) hModifications
average particle size 0.41 um, specific surface area

5.0 m’g) from Daiichi Kigenso Kagaku Kogyo ! 1800°C

Co., Japan, alumina powder [2,3] (high purity Drying Y

BAILALOX CR-30, 99.99% purity, average !

particle size 0.05 um, specific area 25 m?g) from Hot pressing @
Baikowski International Corporation, Charlotte,

NC, and apha aumina hexagona platelets N

(Pyrofine Plat Grade T2) [4-6] from EIf Atochem, 1500 °C

France. Appropriate quantities of alumina and

zirconia powders were slurry mixed in acetone and

mixed for ~24 h using zirconia media Acetone O P HP
was than evaporated and the powder dried in an : :f':lg
electric oven. The resulting powder was loaded

into a graphite die and hot pressed at 1500 °C in
vacuum under 30 MPa pressure into 152 mm x
152 mm billets using a hot press. Grafoil was used !

as spacers between the specimen and the punches. | Machining test specimens
Various hot pressing cycles were tried in order to
optimize the hot pressing parameters that would
result in dense and crack-free ceramic samples.
Five different Y SZ/alumina composites containing
0 to 30 mol% alumina were fabricated for each
particulate and platelet composite systems. The
various steps involved during processing of the
composite billets are illustrated in Figure 1 [3].

Billets [=— HP load removed

Figure 1. Processng flow diagram for
10 mol% yttria-stabilized zirconia/alumina
composites[3].

3. Test Specimen Preparation

The billets were machined into flexure test specimens with nominal depth, width, and length of
3.0 mm x 4.0 mm x 50 mm, respectively, in accordance with ASTM test standard C 1161 [7].
Machining direction was longitudinal aong the 50-mm-length direction. It should be noted that unlike
transformation-toughened (from tetragonal to monoclinic) zirconias, the cubic ytrria-stabilized zirconia
is very unlikely to induce transformation-associated residual stresses on the surfaces of test specimens
due to machining. The sharp edges of test specimens were chamfered to reduce any spurious premature
failure emanating from those sharp edges.
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4. Microstructural Analysis and Density

X-ray diffraction (XRD) patterns were recorded at room temperature using a step scan procedure
(0.02°/26 step, time per step 0.5 or 1 s) on a Philips ADP-3600 automated diffractometer equipped with
a crystal monochromator employing Cu K, radiation [3]. Microstructural analysis was carried out using
SEM and TEM, and limited fractographic analysis was performed optically to examine fracture origins
and their nature. Typical micrographs by SEM for polished cross-sections—planes normal to hot
pressing direction—of 20 mol% particulate and platelet composites are shown in Figure 2. The dark
areas represent alumina particulates or platelets while the light areas indicate the 10-YSZ matrix, as
analyzed through SEM/EDS [2,3]. The aumina phases were uniformly dispersed within the mgjor
continuous 10-YSZ phase. Typica results of XRD analysis, showing phases of cubic YSZ and
a-aluming, are presented in Figure 3. An amost identical XRD result was also observed for the platel et
composites. TEM micrographs and dot maps for the particulate composites indicated that an average
equiaxed grain size was about less than 1.0 um for either YSZ matrix or alumina and that grain
boundaries and triple junctions were clean, an indication of no existence of amorphous phase [3]. No
appreciable deformation or microcracks of adjacent grains that might occur due to thermoelastic
mismatches between Y SZ matrix and alumina particulates were observed in the composites [3].

4 A TMZ
R ES
W""“‘*WWW Hﬂ Jiu 30
|l l'
| Mw’ bl MMM 20

EWI, Vo
WWMM U' °
waw WW W‘ VM °

Diffraction angle, 20

Figure 3. X-ray diffraction patterns for
10-Y SZ/alumina particulate composites. “Z” and
“A” indicate cubic YSZ and a-alumina,

respectively [3].

Figure 2. SEM micrographs showing polished
cross-sections of 10-YSZ/20 mol% alumina
particul ate and platel et composites:
(a) particulate [3]; (b) platelet. Bars= 10 um.
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Figure 4. Density as a function of alumina content
for both 10-Y SZ/alumina particulate and platelet
composites. Error barsindicate +1.0 standard. The
line indicates the prediction based on the rule of
mixture [3,4].
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Figure 5. Flexure strength of as a function of
alumina content for both 10-YSZ/alumina
particulate and platelet composites at ambient
temperature in air [2,4]. Error bars indicate +1.0
standard deviations.

Density was measured with a bulk mass/volume method using the same flexure specimens that were
used in elastic modulus measurements. A total of five specimens were used for each of alumina
contents. Figure 4 depicts density as a function of alumina content for both particulate and platelet
composites [3,4]. Density decreased linearly with increasing alumina content for both composite
systems, yielding good agreement with the prediction based on the rule of mixture. The difference in
density between particulate and platelet composites was negligible.

5. Mechanical Properties

5.1 Flexure Strength

Flexure strength was determined as a function of alumina content for both particulate and platel et
composites at 25 and 1000 °C in air. A SiC four-point flexure fixture with 20-mm-inner and 40-mm-
outer spans was used in conjunction with an electromechanical test frame (Model 8562, Instron, Canton,
MA). A fast test rate of 50 MPa/s was applied in load control to minimize slow crack growth effect of
the materials.” For a given temperature, a total of 10 test specimens were tested for each of alumina
contents. Testing was followed in accordance with ASTM test standards C1161 and C 1211 [9].

The results of strength testing at 25 °C are shown in Figure 5. Strength of the particul ate composites
increased with increasing alumina content, reaching a maximum at 30 mol%, while strength of the
platelet composites remained almost unchanged with increasing alumina content, except at 5 mol%.
Hence, increase in strength was much more significant in the particulate composites than in the platelet
composites. For a given alumina content, strength of the particulate composites was 15 to 30 percent

" Elevated-temperature strength of many advanced ceramics depends on test rate due to slow crack growth during testing. It has shown that
elevated-temperature strength of advanced ceramics increases with increasing test rate and converges to ambient-temperature strength (or inert
strength) at “ultra’-fast test rates >10° MPa/s [8]. Although the test rate of 50 MPa/s used in this work was not sufficient to obtain an
appropriate “inert” strength whereby no slow crack growth occurs, the test rate of 50 MPa/s was chosen to determine the conventional,
so-called “fast-fracture” strength of the material in which atest rate of around 30 to 100 MPa/sis typically employed.
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greater than the platelet composite counterpart. Particularly, the maximum strength occurring at
30 mol% for the particulate composite was 40 percent greater than the 10-YSZ (matrix) strength.
Fracture originated from surface defects, associated with pores and machining damage in many cases.
Typical examples of fracture surfaces of specimens showing surface-flaw-associated failure are shown
in Figure 6.

The results of elevated-temperature strength testing for both particulate and platelet composites are
presented in Figure 7 as a function of alumina content. Like the ambient-temperature counterpart,
elevated-temperature strength of the platelet composites did not exhibit any significant dependency on
alumina content. The maximum strength occurring at 10 mol% was about 17 percent greater than the
10-Y SZ strength. Strength of the platelet composites was greater at 5 and 10 mol% but lower at 20 and
30 mol% than the particulate composite counterpart. Strength of the particulate composites with respect
to the 10-Y SZ strength decreased initialy at 5 mol% and increased thereafter with increasing alumina
content, reaching a maximum at 30 mol%. The maximum strength of the particulate composites at
30 mol% was 40 percent greater than the 10-Y SZ strength. Also, the particulate composite strength at

Figure 6. Typical examples of fracture surfaces showing fracture origins for (a) 0 mol% (10-Y Sz);
(b) 30 mol% aumina particulate composite [2]. Bar = 500 um.
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Figure 7. Flexure strength as a function of alumina content for both 10-Y SZ/alumina particul ate and
platelet composites at 1000 °Cin air [2,5,6]. Error barsindicate +1.0 standard deviations.
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30 mol% was 30 percent grester than the respective platelet composite strength. The overall elevated-
temperature strength of the two composite systems for a given alumina content was lower (20 to
50 percent and 10 to 30 percent, respectively, for the particulate and platelet composites) than their
ambient-temperature counterpart, attributed to strength degradation at elevated temperature presumably
by slow crack growth phenomenon. Individual strength data of both composites at 25 and 1000 °C are
summarized in Tables 1 and 2.

Table 1. Summary of major mechanical and physical properties of 10-Y SZ reinforced
with alumina particul ates [2—6, 30]

Alumina mol%

\ 0 5 10 20 30
Properties

Flexure RT 279.6(23.1)% | 287.9(56.7) | 318.8(64.1) | 358.1(41.5) 353.6(89.1)
strength, o 1000 °C | 204.5(64.5) | 147.8(35.7) | 169.0(49.7) | 248.1(79.3) 287.0(77.0)
(MPa)

Fracture RT 1.6(0.1) 2.1(0.3) 1.7(0.2) 2.3(0.1) 2.6(0.3)
toughness, 1000 °C 1.7(0.2) 2.3(0.2) 1.5(0.2) 2.3(0.2) 2.6(0.3)
KIC

(MPaym)

RT elastic modulus, 219(2) 225(2) 233(2) 250(2) 262(2)

E (GPa)

Density, p (g/lem®) 5.839(0.008) | 5.740(0.012) | 5.642(0.007) | 5.437(0.005) | 5.178(0.042)
RT Vickers hardness, 14.1(0.6) 14.5(0.2) 14.9(0.1) 15.7(0.3) 15.4(0.4)
H (GPa)

Thermal conductivity at 2.2 2.5 2.7 3.0 33
1000 °C, k (W/m-K)

#The numbers in parentheses indicate +1.0 standard deviation.

Table 2. Summary of major mechanical and physical properties of 10-Y SZ reinforced
with alumina platel ets [ 2—6]
Alumina mol%

\ 0 5 10 20 30
Properties

Flexure RT 279.6(23.1)% | 241.9(32.3) | 275.4(28.9) | 310.1(22.9) 297.9(22.2)
strength, o; | 1000 °C | 204.5(64.5) | 212.8(30.6) | 239.7(19.0) | 227.6(14.5) 201.1(17.2)
(MPa)

Fracture RT 1.6(0.1) 1.7(0.1) 1.8(0.1) 2.2(0.1) 2.6(0.1)
toughness, 1000 °C 1.7(0.2) 2.6(0.5) 2.7(0.49) 2.9(0.1) 3.0(0.1)
KIC

(MPaym)

RT elastic modulus, E 219(2) 226(2) 234(1) 245(1) 259(2)
(GPa)

Density, p (g/em®) 5.839(0.008) | 5.764(0.008) | 5.661(0.002) | 5.403(0.048) | 5.197(0.033)
Vickers hardness, 14.1(0.6) 14.2(0.6) 14.2(0.7) 13.6(0.6) 11.5(0.6)
H (GPa)

*The numbers in parentheses indicate +1.0 standard deviation.
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The strength scatter at 1000 °C was less significant in the platelet composites than in the particul ate
composites. Weibull modulus (m), estimated despite a limited number (10) of specimens tested at each
alumina content, was in the range of m = 8 to 20 and m = 5 to 10, respectively, for the platelet and the
particulate composites. Fracture originated mainly from surface flaws for both composites. However,
platelets, particularly at 1000 °C, were frequently associated as primary failure origins, so that alumina
platelets might have acted as strength-controlling flaws rather than as strengthening media, typical of
many platelets-reinforced composites, resulting in less scatter in strength or higher Weibull modulus.
The fact that the 30 mol% particulate composite at both temperatures exhibited improved strength over
the platelet composite isindicative of an effective approach to the reinforcement of 10-Y SZ.

It has been shown that some other zirconia/alumina composites exhibited a strength decrease with
increasing alumina content, in part as a result of interna (tensile) residua stresses by the CTE
mismatches between zirconia matrix and alumina particul ate or platelets [10,11]. Based on the results of
strength increase with increasing alumina content particularly for the 30 mol% particulate composite, as
seen in Figure 5, it can be stated that the alumina particulates used in this work might not have
interacted with the matrix to produce residual stresses by CTE mismatches sufficient enough to degrade
composite strength.

5.2 Fracture Toughness

Fracture toughness of each of the particulate and [
platelet composites, using the flexure test specimens,
was determined at 25 and 1000 °C in air using the
single edge v-notched beam (SEVNB) method. This |
method utilizes a razor blade with diamond paste to |
introduce a final sharp root radius by tapering a saw
notch [12a]. A starter straight-through notch 0.6 mm
deep and 0.026 mm wide was made on the 3-mm-wide | .
face of each test specimen. The v-notched specimens
with afinal notch depth of 0.9 mm and its root radius of
about 10 um were fractured in a SIC four-point flexure
fixture with 20-mm-inner and 40-mm-outer spans using
the electromechanical testing machine at an actuator A TS
speed of 0.5 mm/min. A total of five specimens were Figure 8. A typical example of a sharp
tested for each composite at each test temperature. A v-notch produced in a single edge
typical example of v-notched fracture toughness test V-notched beam (SEVNB) specimen
specimen is shown in Figure 8. It should be mentioned ~ used in fracture toughness testing [2].
that an attempt was made to utilize a more convenient  Bar =50 um.
fracture toughness technique, single edge precracked
beam (SEPB) method (ASTM C 1421 [13]) at both RT and 1000 °C. However, this technique was
found to be ineffective a 1000 °C due to crack healing by oxidation, which resulted in a considerably
high “apparent” value of fracture toughness, as observed in other ceramics such as silicon nitride and
alumina [14]. The SEVNB method, however, may underestimate fracture toughness at ambient
temperature (compared to other methods such as SEPB and/or chevron notch) if a material exhibits
strong R-curve behavior, since the method tends to give a starting value of fracture toughness on the
corresponding R-curve [12(b)]. The fracture toughness K,c was calculated based on the formula by
Srawley and Gross [15].

e —r——

= =

:Pf(Lo_Li) 302
CT BWH? 1o )2

(o) @
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where Py, L,, L, B, W are fracture load, outer span, inner span, specimen width, and specimen depth,
respectively, a. = a/W with a being precrack size, and f(o) is expressed

(1 0)(3.49 - 0.680. +1.350.2

f (o) =1.9887 —1.3260. — .
(1+ a)

A summary of the results of fracture toughness testing at 25 °C in air is presented in Figure 9, in
which fracture toughness determined by the SEVNB method was plotted as a function of alumina
content for both particulate and platelet composites. Similar to the trend in ambient-temperature flexure
strength, fracture toughness increased with increasing alumina content, reaching a maximum at
30 mol%. Fracture toughness increased significantly by 65 and 62 percent, respectively, for the
particulate and platelet composites when alumina content increased from 0 to 30 mol%. It is noted that
unlike the ambient-temperature flexure strength the difference in fracture toughness between the
particulate and platelet composites was negligible. It has been observed that an incompatibility is
generally operative for many advanced ceramics between strength and fracture toughness in such a
manner that one property increases while the other decreases. However, this was not the case for these
two types of composite systems, resulting in not only strength increase but aso fracture-toughness
increase with increasing alumina content.

It was observed that indent crack trajectories of both 0 percent and 30 mol% particulate composites
were characterized such that the straight path and greater COD (crack opening displacement) of a crack
was typified for 10-Y SZ (0 mol% composite); whereas, the tortuous path around alumina grains and less
COD was exemplified for the 30 mol% particulate or platelet composite [2]. More enhanced crack
interactions with alumina grains with increasing alumina content is thus believed to be responsible for
the increased fracture toughness for both composite systems. A notion that platelets would be more
efficient in enhancing fracture toughness than particulates was not applicable in these composite

SEVNB/RT

Fracture toughtness, K|c, MPa m'/2

A Particulates
O Platelets

o Lt . 1 L I . 1

0 10 20 30
Alumina content, mol%

Figure 9. Fracture toughness as a function of aumina content for both 10-Y SZ/alumina particul ate
and platelet composites, determined by the SEVNB method at room temperature [2,4].
Error barsindicate +1.0 standard.
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Figure 10. Response to Vickers indentation of 10-Y SZ/alumina particul ate composites at ambient
temperature under an indent load of 10 N (a) 0 mol%; (b) 5 mol%; (c) 10 mol%; (d) 20 mol %;
(e) 30 mol%. Bar = 30 um.

w

SEVNB/1000 °C

S
T B DN
|

w
T
|

/A Particulates
- O Platelets

Fracture toughtness, Kic, MPa m'/2

1
0 10 20 30
Alumina content, mol%

Figure 11. Fracture toughness as a function of alumina content for 10-Y SZ/alumina particulate and
platelet composites at 1000 °C in air [2,5,6]. Flexure toughness of 10-Y SZ/alumina particulate
composites[2,5,6] isincluded for comparison. Error bars indicate +1.0 standard deviations.
The lines represent the best fit.

o

systems at ambient temperature. Note that the cubic YSZ is not a stress-induced, transformation
toughened ceramic. Therefore, the increased fracture toughness with increasing alumina content would
be a logica reasoning for the increased flexure strength observed from both composite systems, since
flaw sizes of both composites seemed to be narrowly distributed. Typical responses to Vickers
indentation are shown in Figure 10 for the particular composites. Note the size of indent cracks
decreasing with increasing alumina content, indicative of increasing resultant fracture toughness.

A summary of fracture toughness determined at 1000 °C is presented in Figure 11. The overal
fracture toughness of both particulate and platelet composites increased with increasing aumina

NASA/TM—2003-212701 9
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Figure 12. Results of dynamic fatigue testing at 1000 °C in air for 10-Y SZ, 10-Y SZ/30 mol% alumina
particulate composite, and 10-Y SZ/30 mol% alumina platelet composite. The solid lines represent
the best-fit line. Slow crack growth parameter n isincluded.

content, reaching a maximum at 30 mol%. Fracture toughness increased significantly by 50 and
74 percent, respectively, for the particulate and platelet composites when alumina content increased
from 0 to 30 mol%. Unlike the ambient-temperature fracture toughness, the difference in fracture
toughness at 1000 °C, in general, was distinct between the particulate and platelet composites. This
indicates that toughening by addition of platelets to 10-Y SZ matrix was more effective at 1000 °C than
at 25 °C. Individua fracture toughness data for both composites at 25 and 1000 °C are summarized in
Tables1 and 2.

5.3 Slow Crack Growth (Dynamic Fatigue)

Slow crack growth (SCG) behavior of some chosen composites was determined at 1000 °C in air
using dynamic fatigue (or called constant stress rate) testing in accordance with ASTM Test Method
C 1465 [16]. Three different composites including 0 mol% (10-Y SzZ), 30 mol% a umina particul ate and
30 mol% alumina platelet composites were selected based on the results of optimum strength and
fracture toughness properties exhibited by 30 mol% particulate and platelet composites. Dynamic
fatigue testing was performed in flexure using flexure test specimens at three different test rates of 50,
0.5, and 0.005 MPals for a given composite under load control of the electromechanical test frame. Note
that the flexure strength data obtained at 50 M Pa/s from flexure strength testing were used as one set for
the dynamic fatigue data. A SIC four-point flexure fixture with 20/40 mm spans was used. Typically, a
total of 7 to 10 test specimens were used at each test rate for a given composite.

The results of SCG (“dynamic fatigue” or “constant stress-rate”) testing for the three different
composites are shown in Figure 12, where fracture stress of each composite was plotted as a function of
applied stress rate. The decrease in fracture stress with decreasing stress rate, which represents
susceptibility to SCG, was evident for all three composites with its degree of strength degradation with
decreasing stress rate being dependent on material. The basic underlying formulation of SCG for many
advanced monolithic ceramics and composites (reinforced with particulates, platelets, or whiskers) at
elevated temperatures follows the following power-law form [17]

v=AK, /Kc]" 2
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where v, K, and K¢ are crack velocity, mode | stress intensity factor, and mode | fracture toughness,
respectively. A and n are material/environment dependent SCG parameters. The responsible mechanism
of SCG at elevated temperatures has been known as grain boundary sliding [18-21]. In case of dynamic
fatigue loading, a constant stress rate (c's) is applied to a test specimen until the test specimen fails. The

corresponding fracture stress (or) can be derived from Eq. (2) and related stress intensity factor with
some mathematical manipulations to give [16,22]

logo ¢ =ni+llogc‘y+logD 3

where D is another SCG parameter associated with A, n, K¢, inert strength, and crack geometry factor.
The SCG parameters n and D can be determined from the slope and intercept by a linear regression
analysis when log (fracture stress) is plotted as a function of log (applied stress rate). Equation (3) is the
basis commonly used in dynamic fatigue testing, which has been adopted to determine SCG parameters
of advanced ceramics in ASTM test standards at both ambient and elevated temperatures as well
[16,23].

The results shown in Figure 12 were plotted according to Eq. (3) with units of MPa for o¢ and
MPals for 6. The SCG parameter n was found to be n = 8, 5 and 33, respectively, for 0 mol%
(10-Y SZ), 30 mol% particul ate and 30 mol% platelet composites. The SCG parameters n and D are also
summarized in Table 3, together with correlation coefficients of regression. Both 0 and 30 mol%
particulate composites exhibited very high susceptibility to SCG with arelatively low SCG parameter n
= 6-8, and the 30 mol% platelet composite exhibited intermediate susceptibility with n = 33.¥ Hence,
the 30 mol% platelet composite exhibited greater resistance to SCG as compared with both 0 and
30 mol% particulate composites. The addition of 30 mol% alumina platelets into 10-YSZ matrix
resulted in increased resistance to grain boundary sliding, while the addition of 30 mol% fine alumina
particulates would not have had any positive effect on reducing or minimizing grain boundary sliding.
Note that the value of SCG parameter n determined at 1000 °C in air for typical aluminas with 96 to
99 percent purity is in a range of n = 7-13 [20,24]. Significant improvement in SCG resistance was
obtained by the composite approach with 10-Y SZ reinforced with 30 mol% alumina platelets, in which
each of YSZ and alumina exhibits a significantly high SCG susceptibility (n = 5-13) if they are used
individually in aform of monolith.

Table 3. Summary of dlow crack growth parameters determined for three
different composites by dynamic fatigue testing in flexure at 1000 °C in air

Materials Slow crack growth Correlation
parameters coefficient, r?
n D
10-Y SZ (matrix) 8.2 142 0.8968
10-Y SZ/30 mol% 5.3 171 0.9420
alumina particulate

composite
10-Y SZ/30 mol% 32.6 177 0.9820
alumina platel et

composite

i Note that susceptibility to slow crack growth (SCG) is typically categorized in advanced ceramics such that SCG susceptibility is very high
for n < 20, intermediate for n = 30-50, and very low for n > 50.
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A simplified life prediction diagram can give a 400 [ [ T 1
better interpretation of SCG behavior among the 300
three composites, which was constructed in
Figure 13 under the same specimen’s geometrical
and dimensional configurations that were used in
dynamic fatigue, based on the following relation

30-mol%
platelet 1

no
(=
o

n+1
t) = { D }c” @ 2 %
n+1 60

Applied stress, o, MPa
©o
oo

where t; and ¢ are time to failure (in sec) and

constant applied stress (in MPa), respectively. Of 30 32&?;3'&9

course, the prediction is valid when the same failure o | | P |
mechanism(s) is operative, irrespective of loading 101 102 103 104 105 106
condition, either dynamic or static. As can be seen Time to failure, t;, s

from the figure, lifetime is greatest for the 30 mol%
platelet composite, and is least for the 10-Y SZ or the
30 mol% particulate composite. As a consequence,
the 30 mol% platelet composite would be the most
reasonable choice among the three materials in
conjunction with component life. A detailed life
prediction and reliability of actual, complex fuel cell
components can be made using analytical (finite
element modeling) and reliability tool such as
CARESLife integrated computer code [25].

Figure 13. Life prediction diagram constructed
from the dynamic fatigue results at 1000 °C for
10-YSZ,, 10-Y SZ/30 mol% alumina particulate
composite, and 10-YSZ/30 mol% alumina
platelet composite. The prediction represents at
afailure probability of 50 percent.

5.4 Elastic Modulus

Elastic modulus of both particulate and platelet composites was determined from 25 to 1000 °C asa
function of alumina content by the impulse excitation of vibration method, ASTM C 1259 [26] using the
flexure specimen configuration. One flexure specimen was used at each of alumina contents for a given
composite. A total of five specimens were additionally used at each alumina content to evaluate
ambient-temperature elastic modulus of the two composites.

A summary of elastic modulus as afunction of temperature for the particul ate composites are shown
in Figure 14. Elastic modulus decreased with increasing temperature up to 400 °C and then remained
amost unchanged up to 1000 °C, thereby forming a unigue transition around 400 °C, regardiess of
alumina content. Although not presented here, it was also found that elastic modulus of the platelet
composites was very close to that of the platelet composites. A similar transition at 400 °C was aso
observed in 6.5-YSZ by Adams et al. [27]. Figure 15 shows elastic modulus as a function of alumina
content for both particulate and platelet composites, determined at ambient temperature. Elastic modulus
increased linearly with increasing alumina content for both composites, with little difference in elastic
modulus between the two composite systems for a given alumina mol%. The prediction made based on
the rule of mixture was in good agreement with the experimental data. Individual elastic modulus data at
ambient temperature for both composites are summarized in Tables 1 and 2.
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Figure 14. Elastic modulus as a function of temperature for 10-Y SZ/alumina particul ate
composites with different alumina contents, determined by the impulse excitation method.
ZAO0to ZA30 in the figure indicate respective auminamol% (e.g., ZA0 = 0 mol%).
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Figure 15. Elastic modulus as a function of
aumina content for both 10-YSZ/alumina
particulate and platel et composites, determined by
the impulse excitation method a ambient
temperature [3,4]. Error bars indicate +1.0
standard. The line indicates the prediction based
on the rule of mixture.
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Figure 17. Flexure strength as afunction of number of thermal cycles (between 200 and 1000 °C) for
10-Y SZ/30 mol% alumina platelet composite [4]. The numbersin parentheses indicate average strength.

5.5 Microhardness

Microhardness of both particulate and platelet composites was evaluated at ambient temperature
with a Vickers microhardness indenter with an indent load of 9.8 N using five indents for each
composite in accordance with ASTM C 1327 [28]. Figure 16 shows the results of Vickers
microhardness measurements for both composites. Microhardness increased linearly with increasing
alumina content for the particulate composites up to 20 mol% alumina and then leveled up above
20 mol%. Microhardness of the platelet composites remained almost unchanged up to 10 mol% and then
decreased appreciably at 30 mol%, resulting in a significant difference in hardness at 30 mol% between
the two composites. Individual microhardness data for both composites are also summarized in Tables 1
and 2.

5.6 Thermal Fatigue

Thermal cycling/fatigue testing was conducted for the 30 mol% platelet composite by applying a total
of 10 thermal cycles of heating (1000 °C) and cooling (200 °C) in air using 5 flexure specimens [4]. The
rate of heating and cooling was about 10 °C/min and 20 °C/min, respectively. These flexure specimens
were then fractured in four-point flexure at ambient temperature to determine their corresponding residual
flexure strength. This testing was conducted to better understand the effect of CTE mismatches on flexure
strength, possibly resulting in strength degradation due to thermal fatigue associated with residual stresses
and/or microcracks induced by CTE mismatches between 10-Y SZ matrix and alumina grains.

The result of thermal cycling/fatigue tests is shown in Figure 17. As can be seen in the figure, there
was no difference in strength between 0 (regular strength test) and 10 thermal cycles, indicating that
repeated thermal cycling up to 10 times did not show any significant effect on strength degradation for the
composite material. In other words, internal residual stresses and/or microcracks due to CTE mismatches
between zirconia matrix and alumina grains possibly occurring in thermal fatigue were negligible to affect
residua flexure strength of the composite material of interest. Hence, it is concluded that CTE mismatches
would not have been operative sufficient enough to degrade strength of the composite systems.
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6. Thermal Conductivity

One-in.-diameter hot-pressed discs of the particulate composites were used for thermal conductivity
measurements. Thermal conductivity testing was carried out using a 3.0-kW CO, laser (wavelength
10.6 um) high-heat flux rig. The genera test approach has been described elsewhere [29]. In this steady-
state laser heat flux test method, the specimen surface was heated by a laser beam, and backside air-
cooling was used to maintain the desired temperature. A uniform laser heat flux was obtained over the
23.9-mm-diameter aperture region of the specimen surface by using an integrating ZnSe lens combined
with the specimen rotation. Platinum wire flat coils (wire diameter of 0.38 mm) were used to form thin
air gaps between the top aluminum aperture plate and stainless-steel back plate to minimize the
specimen heat losses through the fixture.

Figure 18 shows results of thermal conductivities determined from the particulate composites, as a
function of temperature [30]. Thermal conductivity increased with increasing alumina content. Thisis
expected, as the thermal conductivity of alumina measured at 1000 °C is much higher (6.9 W/m-K) [30]
than that of 10-YSZ (2 W/m-K). Increase in thermal conductivity with aumina additions is more
significant at lower temperatures than at higher temperatures. Thermal conductivity of the composites
containing O, 5, and 10 mol% alumina exhibited a dight change with temperature. However, those
containing 20 and 30 mol% alumina showed a sharper decrease in thermal conductivity with increasing
temperature. Typical values of thermal conductivity as a function of aumina content determined at
1000 °C are shown in Table 1.

50 T T T ] T T T [ T T T I T T T T T T ] T T T
4.5

4.0

3.5

-
<
N
¥ =7

3.0

25

2.0

Thermal conductivity, W/m-K

1.5

IIIIIIIIIIIIII|IIIIIIIII|IIII|IIII|IIII
JIJJIlIllIIIII|IIIIIIIII|IIII|IIII|IIIJ

1 ] L L 1 ] 1 1 1 l 1 1 1 I 1 L 1 l 1 1 1 J L L L
200 400 600 800 1000 1200 1400
Temperature, °C

Figure 18. Thermal conductivity as afunction of temperature for 10-Y SZ/alumina particulate
composites containing 0 (10-Y SZ), 5, 10, 20 and 30 mol% alumina, determined by a
steady-state laser heat flux technique [30].
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7. Choice of Material in View of Structural Reliability/Life

As seen from the aforementioned properties, the maximum flexure strength at 1000 °C was
achieved with the 30 mol% particulate composite, while the maximum fracture toughness at 1000 °C
was attained with the 30 mol% platelet composite. The resistance to SCG susceptibility was greater in
the 30 mol% platelet composite with a higher SCG parameter of n = 33 than in the 30 mol% particulate
composites with alower SCG parameter of n = 6.

From the structural reliability/life point of view, a composite which gives long life and is strongest
(in strength), toughest (in fracture toughness), stiffest (in elastic modulus) and lightest (in weight) is
certainly of the best choice for a fuel cell component material. Elastic modulus was found increased
with increasing alumina and density, by contrast, decreased with increasing alumina content. It can be
shown from Figures 4, 5, 9, and 15 that the 30 mol% particulate composite is the best choice of material
based on strength, fracture toughness, elastic modulus, and density that were evaluated at ambient
temperature. Since operating temperatures of typical SOFCs are within or close to 1000 °C, a choice of
a candidate material should not be solely based on ambient temperature properties but based on elevated
temperature properties, particularly slow crack growth, which controls life of fuel cell components.

With respect to el evated-temperature strength, the 30 mol% particulate composite is better than the
platelet counterpart. By contrast, with regard to fracture toughness and SCG resistance, the platelet
composite is better than the particulate counterpart. Hence, a unified choice of a materia to satisfy all of
the important requirements—strong, tough, long life—can hardly be made. A case-by-case selection,
depending on the types of operation/service conditions (temperature, loading (continuous or
intermittent), environment, and components configurations, etc.), is needed. For example, if the
components are subjected to a continuous, isothermal type of operations without frequent interruption
(thus encountering little thermal shock loading, etc.), then the 30 mol% platelet composite would be a
good candidate since the material would give longer service life of components. This structural
consideration should not neglect the SOFC’s important electrical performance, that is, oxygen (O*)-ion
conductivity. Preliminary results, however, have shown that electrical conductivities of both particulate
and platelet composites, determined between 500 to 1100 °C, were insignificant with respect to alumina
content [4].

8. Summary

At ambient temperature, both flexure strength and fracture toughness increased with increasing
alumina content, reaching a maximum at 30 mol%. For a given alumina content, strength of particulate
composites was greater than that of platelet composites. Fracture toughness increased with alumina
content with little difference in fracture toughness between the two composites.

At 1000 °C, the 30 mol% particulate composites yielded the maximum strength, whereas the
30 mol% platelet composite exhibited the maximum fracture toughness. Fracture toughness was
approximately 16 percent greater in the platel et composites than in the particulate composites.

The susceptibility to sow crack growth was high for both 0 and 30 mol% particulate composites
with lower SCG parameters of n = 6-8, whereas the susceptibility to SCG was low for the 30 mol%
platelet composite with its higher SCG parameter of n = 33.

No significant difference in elastic modulus and density was observed for a given alumina content
between the particulate and platelet composites. In both cases, the prediction by the rule of mixture was
in good agreement with the experimental data. Elevated-temperature elastic modulus of both composite
systems was characterized with a well-defined transition around 400 °C, below which elastic modulus
decreased monotonically and above which it remained almost unchanged up to 1000 °C. Vickers
microhardness of the particulate composites increased with increasing alumina content; while Vickers
microhardness of the platelet composites followed an opposite trend, in which a significant decrease in
hardness resulted in higher alumina contents. Thermal conductivity increased with increasing alumina
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content. Thermal conductivity showed slight change with temperature for 0, 5, and 10 mol% aumina
compositions, whereas it decreased with temperature for composites containing 20 and 30 mol%
alumina.

Thermal cycling/fatigue up to 10 cycles between 200 to 1000 °C did not show any adverse effect on

strength degradation of the 30 mol% platelet composites, indicative of negligible influence of CTE
mismatches on residual stresses and/or microcracking between Y SZ matrix and alumina grains.
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